Crop domestication can serve as a model of plant evolutionary processes. It involves a series of selection events from standing natural variation and newly occurring mutations and combinations of mutations as a result of natural crossings in populations during local adaptation and propagation of plant lines to other cultivation areas. Our earlier identification of three functional nucleotide polymorphisms (FNPs) of distinct genes involved in the rice domestication process led us to propose a model of the japonica rice domestication process. Here, we examined three more FNPs in two domestication-related genes involved in pigment synthesis during the development of seed pericarp color (Rc and Rd) in 91 landraces (and some modern cultivars) of japonica rice collected from throughout the area of distribution of rice. These polymorphisms were assigned by using genome-wide patterns of restriction fragment length polymorphisms (RFLPs) and the local origins of the landraces. The results led us to infer the process of japonica rice domestication in more detail and propose a more refined model of the japonica domestication process. In this model, the critical role of the Rc FNP at an early step of the domestication process was highlighted. Independent artificial selections of two defective Rd alleles were found, suggesting a role for Rd other than in pigment synthesis during rice domestication.
Introduction
As Darwin (1857) noted, crop domestication resembles a rapid evolutionary process that results from artificial selection but that otherwise has all the characteristics of evolution by means of natural selection. With increasing availability of crop genome information, the accumulation of knowledge about domestication-related genes, and the identification of functional nucleotide polymorphisms (FNPs), the crop domestication process is being increasingly elucidated (Doebley et al. 2006) . In maize, for example, extensive genome analysis to find genes with reduced natural variation among cultivars, landraces and their wild relatives has suggested that thousands of genes might have been subjected to selection during domestication (Gaut et al. 2000 , Matsuoka et al. 2002 , Yamasaki et al. 2005 . In wheat, archeological analysis of plant remains has revealed that the domestication process took a few thousand years (Tanno and Willcox 2006, Dubcovsky and Dvorak 2007) . In barley, natural variation among landraces from Europe to Asia has been examined to reveal how barley cultivation propagated throughout these regions, with some genome changes detected and two distinct domestication processes proposed for European and Asian barley (Morrell and Clegg 2007 , Saisho and Purugganan 2007 . In addition, some domestication-related genes have been cloned, and key natural variations in these genes (i.e. FNPs) have been examined to elucidate the domestication process in several crops, including maize, wheat and barley (Wang et al. 2005 , Doebley et al. 2006 , Simons et al. 2006 , even though the domestication process itself remains largely unknown.
In rice (Oryza sativa), extensive genome analysis has revealed that the two major subspecies (japonica and indica) have relatively distinct genomes that may have coalesced into a common ancestor species 40.2-0.4 million years ago, indicating that at least two independent domestication processes occurred in rice (Ma and Bennetzen 2004, Vitte et al. 2004) . Furthermore, the japonica subspecies may have a monophyletic origin with a group of wild relatives, Oryza rufipogon, whereas the origin of the indica subspecies is not yet clear in terms of the genome variation among the landraces of O. sativa and O. rufipogon accessions that have tizawa@nias.affrc.go.jp. Fax, been identified from short interspersed element (pSINE) retroelement insertions (Cheng et al. 2003) . The japonica subspecies comprises at least two subgroups, tropical japonica and temperate japonica (Garris et al. 2005 , Caicedo et al. 2007 . A recent genome analysis revealed that tropical japonica may exist as intermediate between O. rufipogon and temperate japonica in the phylogenetic tree, although archeological data do not yet support this hypothesis (Cheng et al. 2003) .
Several domestication-related rice genes have been cloned, and FNPs have been identified for these genes. For instance, Waxy (Wx) encodes a granule-bound starch synthase that is required for amylose synthesis in rice grains (Hirano et al. 1998 , Isshiki et al. 1998 (Hirano et al. 1998; Isshiki et al. 1998 ). However, this allele has been found in the majority of japonica rice on the basis of a haplotype analysis, suggesting that this allele was favored during the japonica rice domestication process (Olsen and Purugganan 2002) . In order to simplify the story, Wx a is referred to as Wx, and Wx b is referred as wx in the latter part of this paper. Another gene, sh4, encodes a possible MYB3-type transcription factor; the defective allele reduces seed shattering and was thus selected during domestication (Li et al. 2006 , Lin et al. 2007 ). The FNP for this gene was identified as an amino acid change in a conserved region in the sh4 open reading frame (ORF). Interestingly, this amino acid change has been identified in all tested landraces and cultivars in both japonica and indica. How this FNP was incorporated in all cultivated rice is unclear, since both subspecies have different histories of domestication. Therefore, several models to explain the distribution of this allele have been proposed Ge 2007, Sweeney and .
Recently, we cloned two additional domesticationrelated genes, qSH1, which is required for formation of the abscission layer during seed shattering, and qSW5, which controls seed grain width; we also identified their FNPs (Konishi et al. 2006 , Shomura et al. 2008 . The FNPs for Wx, qSH1 and qSW5 have been integrated into a genome variation map constructed on the basis of similarity in the restriction fragment length polymorphism (RFLP) pattern at 179 loci throughout the rice genome in hundreds of rice landraces and cultivars. This integrated map, combined with information on the local origins of rice landraces, elucidated the process of rice domestication and led us to infer a model of the japonica rice domestication process (Shomura et al. 2008) . This model described several key events, such as the selection of newly occurring natural variation, selection of a combination of FNPs after natural crossings and propagation of various lines into various cultivation areas, following local adaptation with gradual genome fixation.
Recently, researchers have extensively analyzed another domestication-related gene (Rc), which encodes a basic helix-loop-helix (bHLH) transcription factor controlling several key enzymes that are active during pigment synthesis and the development of rice pericarp color (Sweeney et al. 2006 . A major defective allele of Rc might have originated in the ancestor of japonica rice and subsequently introgressed into the majority of indica rice. Furthermore, two independent natural mutations in another gene related to pigment synthesis [Rd, which encodes a key enzyme, dihydroflavonol-4-reductase (DFR)] have also been reported among japonica rice (Furukawa et al. 2007 ). Therefore, we tried to integrate the FNP information for both Rc and Rd into the integrated map. In total, we integrated six FNPs of five domestication-related genes (i.e. Wx, qSH1, qSW5, Rc, Rd1 and Rd2) and genome-wide RFLP data at 179 loci, combined with local origin information for 91 japonica rice landraces including some modern cultivars, in the map. The creation of this integrated map led us to correct our previous model and propose a more refined model of japonica rice domestication, in which the critical role of Rc deficiency and strong selection for Rd after the rc mutation had been incorporated into rice landraces suggest a role for Rd deficiency unrelated to pigmentation.
Results
Recently, we proposed a model of japonica rice domestication that was based on an integrated map constructed from information on three FNPs for domestication-related genes of rice (Wx, qSH1 and qSW5), local origin information and RFLP variation patterns at 179 loci distributed throughout the rice genome (Shomura et al. 2008) . In this model, we found that some landraces still contain all the original alleles of the domestication-related genes at these three FNP positions, and we named these lines 'heritage landraces'. These results, together with knowledge of the origins of landraces that possess the mutated FNPs, strongly suggested that the local origin of japonica rice was in Indonesia, the Philippines or a southern part of Indochina.
In the present study, we observed seed grains of these heritage landraces and found that the colors of the rice seed pericarp were segregated among the existing heritage landraces (Fig. 1) , suggesting that another FNP in a domestication-related gene involved in pigment synthesis had already been partly selected among these landraces. It has recently been reported that a 14 bp deletion in Rc, which encodes a bHLH transcription factor that controls pigment biosynthesis, was involved in the rice domestication process (Sweeney et al. 2006 ). Furthermore, natural mutations in Rd, another pigment synthesis gene that encodes a key enzyme, have been found in japonica rice cultivars (Furukawa et al. 2007 ). Therefore, we analyzed the FNPs in Rc and Rd so that we could incorporate this new information in our integrated map of japonica rice domestication. We amplified PCR fragments, including FNP regions of 91 rice landraces (including some modern cultivars) (Supplementary Table S1 ; hereafter we call them cultivars) and five accessions of O. rufipogon (W1943, W1948, W1953, W1958 and W1976), which were previously reported as accessions very close to japonica rice based on pSINE distribution in the rice genome (Cheng et al. 2003) , and judged the genotype by using electrophoresis for the Rc FNP and by sequencing the two Rd FNPs (Fig. 2 , Supplementary Table S1 ). Note that the two FNPs we detected in Rd (Rd1 and Rd2) would have behaved independently during the rice domestication process, since any recombination event between the FNPs was very unlikely because of the distance of around 250 bp between them. In total, we obtained information on the six FNPs for the five domestication-related genes for 91 cultivars of japonica rice ( Supplementary Fig. S1 ) and the five accessions of O. rufipogon. First of all, the results indicated that all the six FNPs were the original types in the O. rufipogon accessions, except for qSW5 (Table 1) . For the qSW5 gene, the other haplotypes in addition to the Kasalath type, but not the Nipponbare type were observed. Therefore, it is very likely that these six FNPs were not standing variations.
The number of possible FNP genotype combinations totals 48, which equals three-quarters of two raised to the sixth power because of the lack of recombination between the two Rd FNPs. However, in 91 cultivars, we found only 17 genotypes on the basis of combinations of the six FNPs (Table 2, Supplementary Fig. S2 ).
These results suggest that many FNP combinations have not existed in the japonica rice landraces and that only some of the FNP combinations were selected during rice domestication and remained after the selections. Therefore, it should be possible to infer the selection process in japonica rice domestication from these results.
With this new FNP information, we reduced the original 10 rice heritage landraces that retained all the original alleles of the domestication-related genes at the three FNP positions to four landraces with no mutations in any of the six FNPs including the three new ones. The origins of the remaining four landraces were Indonesia, the Philippines, Vietnam and Bhutan (Table 2, Fig. 3 ). Since only the RFLP genome pattern for the Bhutan landrace differed from those of the other three landraces, this landrace appears to be the product of relatively recent crossing or migration. In contrast, the genome patterns of the other three landraces were similar. Therefore, this result is consistent with our previous model (Shomura et al. 2008) , in which the local origin of japonica rice was hypothesized to be an area around Indonesia, the Philippines or possibly Indochina (Fig. 3) .
First, we focused on single-mutant cultivars among the 91 tested cultivars. When we searched for these cultivars among the 48 possible FNP combinations, we found cultivars with a single mutated FNP only for qSW5 and Rc (three and four cultivars, respectively; Table 2 ). We could not find any cultivars with a single mutation in the other three genes, strongly suggesting that plants with a mutation in either qSW5 or Rc were subjected to artificial selection at the beginning of the japonica rice domestication process. The local origins of the rc single-mutant cultivars were Indonesia and Malaysia, whereas the origins of the qsw5 single-mutant cultivars were Indonesia, the Philippines and China. The RFLP genome patterns for the four new heritage landraces and the single-mutant cultivars were similar, strongly suggesting that natural mutations in both qSW5 and Rc occurred around the local origins of these cultivars. The qsw5 single-mutant landrace of Chinese origin has a genome pattern close to that of the other three, suggesting recent migration to China. These results also support the hypothesis that Indonesia, the Philippines and possibly Indochina were the local origins of japonica rice (Table 2, Fig. 3 ).
We next focused on double-mutant cultivars, and we found three combinations of mutated FNPs. We found one double-mutant landrace for rc wx, two for qsw5 qsh1 and nine for qsw5 rc ( Table 2 ). The limited number of singlemutant cultivars strongly suggested that the qsw5 rc doublemutant cultivars were produced by natural crossing between ancestor plants with qsw5 and rc single mutations. The origins of the qsw5 rc double-mutant cultivars were in Bangladesh, Sri Lanka, the Philippines, Myanmar and ' . These landraces retain all functional alleles of three domestication-related genes (qSW5, Wx and qSH1) at the three FNP positions (Shomura et al. 2008) . The landrace No. is from Supplementary Table S1 .
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China (Table 2) . These origins overlapped with those of the qsw5 or rc single-mutant cultivars, and the ancestors further propagated into Bangladesh and Sri Lanka (Fig. 3) . In addition, the RFLP genome patterns of the double-mutant cultivars were similar to those of the single-mutant cultivars, with some exceptions of cultivars according to the distance between local origins. Therefore, it is very likely that the plants with the qsw5and rc single mutations were crossed to produce the ancestors of the qsw5 rc doublemutant cultivars and that the resulting plants spread into This deletion created a stop codon at 15 nucleotides downstream of the 14 bp deletion in exon 7. In Rd, either the GAG sequence at exon 1 (codon position: third amino acid from Met) in the Koshihikari variety or the TCG sequence at exon 2 (codon position: 55th amino acid from Met) in the Nipponbare variety has been replaced by the stop codon TAG (Furukawa et al. 2007 ). We therefore named mutations in exon 1 and exon 2 as Rd1 and Rd2, respectively. In qSH1, an SNP located 12 kb from the ORF obliterates a cis-regulatory element (the RY repeat is indicated by underlining) required for the expression of qSH1 in the abscission layer (Konishi et al. 2006) . In qSW5, a 1,212 bp deletion in the Nipponbare allele was considered to be an FNP (Shomura et al. 2008) . In Wx, a GT to TT mutation at the 5 0 splice site, indicated by underlining, of intron 1 leads to low amylose content in the seeds of plants that possess this mutation (Isshiki et al. 1998) .
neighboring countries such as Bangladesh and Sri Lanka through Indochina to become the local qsw5 rc doublemutant cultivars (Fig. 3) . The other double-mutant cultivars (rc wx and qsw5 qsh1) were rare, suggesting that they did not contribute much to the japonica rice domestication process ( Supplementary Fig. S3 ). The local origins were Bhutan for rc wx and China for qsw5 qsh1 (Table 2) . These RFLP patterns were also distinct from those of the singlemutant cultivars of qsw5 or rc, indicating that their genomes changed as a result of natural crossings between relatively distant early intermediates of japonica rice (Fig. 3) . Therefore, a major event in japonica rice domestication might have been a natural crossing between qsw5 and rc single-mutant ancestor lines at their local origins. In addition, three qsw5 rc cultivars that originated in Bangladesh contain genome patterns that are clearly distinct from those of other japonica cultivars (Fig. 3,  Supplementary Fig. S4 ). As an explanation for this difference, crossings between japonica-type and indica-type ancestor lines were involved in this genome diversity, leading to introgression of the qsw5 and rc mutations into the Bangladesh cultivars. We further focused on triple-mutant cultivars and found five combinations. We found 15 triple-mutant cultivars for qsw5 rc wx, five for rc wx rd2, three for qsw5 rc rd1, two for qsw5 rc rd2, and one for qsw5 rc qsh1 (Table 2) . Of these, four of five FNP combinations contained the qsw5 rc double mutation (Table 2 ). Therefore, it is possible that those triple-mutant cultivars resulted from a third mutation in some qsw5 rc double-mutant ancestor lines. It is very likely that the qsw5 rc wx triple-mutant cultivars were produced by selection of the wx mutation occurring in qsw5 rc double-mutant ancestor lines, since most of these triple-mutant cultivars originated in Indochina and the RFLP genome patterns gradually diverged from those of the qsw5 rc double-mutant cultivars with the same or adjacent local origins (Fig. 3) . This finding for the wx mutation is not consistent with our previous model (Shomura et al. 2008 ). We will discuss this difference later. When we considered FNP variations for three genes (Rc, qSW5 and Wx), the RFLP variations of rice cultivars with local origins in southern Asia, including the Philippines, Indonesia, Indochina, Bangladesh and Sri Lanka, could be explained well (Fig. 3) . In other words, the selected FNPs in qSH1 and Rd were rarely found in japonica cultivars with these local origins ( Table 2) . Of the other triple-mutant cultivars, rc wx rd2 (five cultivars), qsw5 rc qsh1 (one), qsw5 rc rd1 (three) and qsw5 rc rd2 (two) were less popular than the qsw5 rc wx triple-mutant cultivars (15). Furthermore, genome RFLP patterns of four minor triple-mutant cultivars were diverse among the same triplemutant cultivars (Supplementary Fig. S5 ). Therefore, it may be difficult to derive a concrete model of whether the third mutation occurred in rc qsw5 double-mutant cultivars from only the genome patterns. We found that it is possible that the rd1 mutation occurred in qsw5 rc double-mutant cultivars (or qsw5 rc wx triple-mutant cultivars) that originated in the Philippines and was transferred into temperate japonica through Japanese upland rice cultivars, since the rd1 mutation was observed in only two cultivars that originated in the Philippines, several cultivars of Japanese upland rice and many temperate japonica cultivars found only in Japan (Supplementary Fig. S6 ). If this hypothesis is not correct, then we cannot explain the loss of rd1 in cultivars that originated in Indochina and China. Note that Japanese upland rice is believed to have originated from Southern countries, but not from China and Korea.
We further focused on tetrad mutant cultivars and found four combinations of the six FNPs among these cultivars. We found 10 tetrad mutant cultivars for qsw5 rc wx rd2, seven for qsw5 rc wx rd1, four for qsw5 rc rd2 qsh1 and one for qsw5 rc wx qsh1. Of these, three of the four combinations contained the qsw5 rc wx triple mutation (Table 2 ). Therefore, it is possible that these tetrad mutant cultivars were produced by a fourth mutation in some qsw5 rc wx triple-mutant ancestor lines. It is very likely that the qsw5 rc wx rd2 tetrad mutant cultivars were produced by selection of plants with the rd2 mutation from the qsw5 rc wx triple-mutant ancestor lines, since the RFLP genome patterns gradually diverged from the qsw5 rc wx mutant cultivars with neighboring local origins ( Supplementary  Fig. S7 ).
Our previous model proposed that the qsh1 mutation occurred in a qsw5 Wx background of Chinese origin (Shomura et al. 2008) . Our new genotype data instead suggest that it is likely that the qsh1 mutation occurred in a qsw5 rc Wx rd2 background. This is consistent with the previous model, but adds more data on the ancestor. Here, we found that four qsh1 cultivars of Chinese origin were from the qsw5 rc Wx rd2 qsh1 background whereas one landrace of Chinese origin was from the qsw5 rc Wx Rd2 qsh1 background (Supplementary Fig. S8 ). Earlier in the Results section, we inferred that the rd2 mutation occurred in a qsw5 rc wx background, but the new data suggest that the qsh1 mutation might have occurred in the qsw5 rc Wx rd2 background. We cannot currently explain how an ancestor with the qsw5 rc Wx rd2 background was produced, although it would be possible to produce such background ancestor lines by natural crossings in China based on the genotypes of the analyzed cultivars.
All of the cultivars of temperate japonica of Japanese origin contain the qsw5 rc wx genotype (Fig. 4) . On the other hand, the qsh1 and rd1/rd2 mutations are segregating in these cultivars (Fig. 4) . Many of the qsw5 rc wx genotypes contain either rd1 or rd2 mutations, although they have distinct origins. Genome-wide RFLP analysis did not support a refined population structure associated with the rd1 or rd2 mutation. Therefore, any defect in the Rd gene might have been favored in temperate japonica cultivars in Japan.
Discussion

Local origin of japonica rice
Domestication of a crop was thought to be a kind of rapid change and was considered as an event occurring in the wild species. One now also considers it as a process. Several pieces of genetic data including our data supported this explanation , Shomura et al. 2008 ). Tanno and Willcox (2006) proposed a model in which the domestication of wheat had taken 43,000 years. On the other hand, there might be a critical event at the beginning of crop domestication during the relatively long selection term as we described here. To elucidate not only the event at the beginning, but also the whole process of rice domestication, all the FNP changes identified in domestication-related genes should be examined as in depth as possible. To this end, we recently demonstrated that the local origin of japonica rice during domestication would have been in Indonesia, the Philippines and possibly southern Indochina, as determined from genome-wide RFLP data and the FNP distributions for three genes (qSW5, Wx and qSH1; Shomura et al. 2008) . Here, we integrated information on three more FNPs in two domestication-related genes (Rc and Rd), both of which are involved in the development of color pigmentation in the rice seed pericarp, which is a domestication trait. With the combined information on the six FNPs, we again clearly demonstrated this local origin. An important point is that in this latest study we not only examined the local origins of heritage landraces that possessed all the original and functional FNPs, but we also extended the analysis to the local distribution of single-mutant cultivars (here, of qsw5 and rc). Analyses of archeological data have so far suggested that China's Yangtze River could have been the origin of japonica rice during domestication (Vaughan et al. 2008) . In addition, the local origin of tropical japonica has long been an enigma. Our data demonstrate that many cultivars of tropical japonica rice contain many of the original alleles of domestication-related genes that existed before artificial selection, and some tropical japonica rice facilitate the same selected FNPs with temperate japonica. Therefore, we hypothesize that temperate and tropical japonica rice share a local origin. Although many tropical japonica rice lines are currently grown as upland rice, it is noteworthy that our data do not prove that the ancestor of japonica rice was cultivated as upland rice. Since all tested japonica-like O. rufipogon accessions did not carry any 'selected FNPs' (Table 1) , the FNPs might have occurred as mutations in ancient early-intermediates of rice. Although it is likely that there would be partial sharing of chromosomal segments with the wild ancestral populations (and/or recent gene flow) among two major subspecies of rice (Gao and Innan 2008) , according to our data this sharing might be events before the selection processes of these FNPs.
Selection of the rd mutation in temperate japonica rice in Japan
Our process suggests that the rd mutation occurred twice independently during japonica rice domestication. The qsh1 mutation might have occurred in China and was associated with the rd2 mutation. This is suggested by the genetic linkage between qsh1 and rd2, which are both located on chromosome 1 and are $2.0 Mbp ($10 cM) distant. On the other hand, the rd1 mutation may have occurred in the Philippines and was subsequently transferred into the ancestors of Japanese upland rice. Since some cultivars have both qsh1 and rd1 mutations in temperate japonica cultivars grown in Japan, some natural crossings must have produced these cultivars. Most temperate japonica cultivars in Japan (29 out of 31) contained either rd1 or rd2. Of these, eight cultivars contained the qsh1 rd1 double mutation that required recombination between qsh1 and rd loci during natural crossings. This clearly indicates that the defective Rd alleles have been repeatedly selected during the development of japonica rice cultivars in Japan. Since those cultivars already contained the rc mutation, an agronomic trait other than seed pericarp color would have been selected to explain this. Rd encodes a key enzyme for phenylpropanoid products and could thus be involved in some form of plant disease resistance (Furukawa et al. 2007) . Note that the sd1 gene, which is related to plant stature and was selected during the 'Green Revolution', is also located in this region of chromosome 1 (Nagano et al. 2005) . Therefore, selection for another gene rather than for the defective rd mutation might have been responsible for the rd qsh1 combination, although it is not easy to explain how both the rd1 and rd2 mutations were selected during domestication.
Limitation for modeling the domestication process
We previously proposed a model on the basis of three FNPs (qSW5, Wx and qSH1) in which multiple natural crossings were hypothesized to explain the observed genome-wide RFLP variations. In this work, we proposed a new model in which the wx mutation was considered to be a third mutation that occurred in qsw5 rc double-mutant ancestor landraces (Fig. 5) . Therefore, by incorporating information on the rc FNP, one of the natural crossings between qsw5 and wx lines in our previous model can be explained by a third mutation that occurred after a natural crossing between rc and qsw5 lines. This shows how the model can be refined as we obtain more data. This example of using data on rc and wx improves the previous model greatly, since analysis of the additional data can rule out some of the formerly possible selections and retain only the more likely selections.
In contrast, by considering the origin of the qsh1 mutation, we hypothesized a second mutation in a qsw5 Wx line in China in the previous model. Here, we hypothesize that the qsh1 mutation occurred in an qsw5 rc Wx rd2 line, which is consistent with the previous one. However, we also hypothesize that the rd2 mutation was a fourth mutation in an qsw5 rc wx line. Therefore, we must hypothesize a natural crossing between qsw5 rc Wx Rd2 and qsw5 rc wx rd2, although existing cultivars do not support the production of an qsw5 rc Wx rd2 mutant line before the qsh1 mutation occurred (Fig. 5) . Note that there are two cultivars that contain the qsw5 rc Wx rd2 genotype, but their local origins and genome-wide RFLP patterns did not fit well with the hypothesized ancestors. In this case, the new data did not support one clear possible model more strongly than others.
As we have described here, to propose a new model in which the most likely process should be proposed to explain the data, we facilitated our modeling of the rice domestication process by using six FNPs from 91 japonica cultivars. Accordingly, the new information improved the model, but more information on other cultivars is needed to let us derive a completely consistent model of rice domestication. Although we have recently introduced such modeling for crop domestication as a form of plant evolution (Shomura et al. 2008) , balancing the amount of genotype data with the sample size (here, the number of cultivars) is an important factor in developing a good model. Here, we were able to propose a more refined model for japonica rice domestication by using data for six FNPs, unlike the previous model, which was based on only three FNPs. However, it is noteworthy that the use of only three FNPs in our previous model for the same 91 cultivars led us again to produce a likely and reasonable model, which is the same as the previous one ( Supplementary Fig. S9 , Supplementary Table S3 ). The difference between these models arises mainly from whether their genome divergences are hypothesized to be derived from natural crossings between related ancestor lines or gradual fixation of segregating loci in local populations. The cause of these divergences could be local adaptation due to climate change, differences in cultivation style or taste preference, and other factors. Since, in some cases, it is difficult to distinguish between crossings of relatives and genome-wide fixation of loci from information on a limited number of existing cultivars, what we can do is to produce the most likely model by using only the currently available experimental data. Therefore, the reliability of the model developed by this approach should be tested again with additional phylogenetic, archeological, paleogeographic and anthropological evidence. In addition, the validity of our rice collection to investigate this type of analysis should be re-examined in the future. However, selection of landraces and accessions based on genome diversity may just over-represent the minor genome compositions in terms of domestication history, which may not be useful for this type of analysis. Therefore, other natural variations for agronomic traits such as plant size, flowering time and seed size, and grain number in a panicle, would be better to select rice lines and make a representative collection for this purpose. Broad and even distribution of local origins throughout Asia is another key point of this collection. Here, we originally utilized 332 lines which were subjected to the genome-wide RFLP analysis for these analyses (Kojima et al. 2005 , Shomura et al. 2008 ) and focused on 91 japonica cultivars. These lines were selected based on coverage of a large range of natural variations of agronomic traits in these rice cultivars with widely distributed local origins. Therefore, we believe that our collection is a representative collection of rice landraces and cultivars. In addition, it would be important to examine the same FNPs for the different collections such as those described previously (Garris et al. 2005 , Caicedo et al. 2007 ). We demonstrated here that the integration of FNP data for domestication-related genes in various cultivars with genome-wide and neutral RFLP variations and information on the biogeographic origins of the landraces revealed several key events during the process of japonica rice domestication. This example shows how we can address the evolution of a plant species by considering current DNA variation as a kind of historical record. This approach should provide many insights into the molecular process of plant evolution.
Materials and Methods
Plant materials
We used genome DNA from the 91 japonica cultivars (Kojima et al. 2005) in the NIAS gene bank (see Supplementary Table S1 ).
Genotyping of six FNPs in five domestication-related genes
For the Rc genotype, the presence of a key 14 bp deletion was detected by gel electrophoresis after PCR amplification of the corresponding region with the primers listed in Supplementary  Table S2 .
For the Rd and qSH1 genotypes, the PCR products were sequenced with the primers described in Supplementary Table S1 to identify the rd1 and rd2 genotypes.
For the qSW5 and Wx genotypes, the FNPs were detected by gel electrophoresis after PCR amplification of the corresponding region with the primers described in Supplementary Table S2 .
Clustering of rice cultivars on the basis of RFLP patterns
The numbers of identical RFLP genomes among 179 loci distributed over all 12 chromosomes in a pair of rice cultivars were determined as the genome distance between the cultivars. We analyzed these pairwise genome distances by the pvclust clustering software in an R package for hierarchical clustering. The dendrogram obtained was arranged by eye to reduce inconsistency. The clustering was performed using 91 cultivars as described previously (Shomura et al. 2008) .
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